at P6 in a manner similar to wild-type cerebellum 1H, 1J, and 1K) . No regional differences across the anterior/ ure 1F).
Since functional GIRK2 channels most likely form hetposterior or medial/lateral axes of the developing cerebellum were observed for these genes, and the expreseromultimers (Krapivinsky et al., 1995; Kofuji et al., 1995; Lesage et al., 1995; Velimirovic et al., 1996) , we also sion patterns were unaltered in the P6 weaver cerebellum (data not shown). examined the expression patterns of GIRK1, GIRK3, and GIRK4. GIRK4 was not expressed in either the wild-type Low levels of GIRK1, GIRK2, and GIRK3 expression were observed in many areas of the developing CNS at or weaver CNS at any of the stages analyzed (data not shown). Similar to GIRK2, expression of GIRK1 and 17.5 dpc, P0, and P6 ( Figure 1 ; data not shown). Higher levels for all three genes were detected in the developing GIRK3 was found in the cerebellar anlage at 14.5 dpc and 17.5 dpc (data not shown) and throughout the EGL hippocampus and olfactory bulb. This widespread ex-pression is similar to the reported adult pattern for the not caused by a nonspecific flux of ions through the membrane, because the weaver cells were not perme-GIRK1, GIRK2, and GIRK3 genes (Kobayashi et al., able to the large cation N-methyl-D-glucamine (NMDG ϩ , 1995) . Figure 3B ). Moreover, the "leak" in Na ϩ solution could be also prevented by addition of 100 M of the cation channel blocker QX-314 in the bath.
GIRK Currents in Wild-Type and weaver

Granule Cells
To investigate whether GIRK current was present in wildFunctional Analysis of weaver GIRK2 type granule cells, we prepared cultures of granule cells in Xenopus Oocytes from P4-P6 cerebella and measured whole-cell currents To find additional evidence that the leak in weaver granin [K ϩ ]o ϭ 25 mM to facilitate the detection of GIRK ule cells arises directly from the Gly→Ser mutation in currents. Under these conditions, application of 50 M weaver GIRK2, we examined the electrophysiological baclofen, a ␥-aminobutyric acid type B (GABA B) agonist, properties of wild-type GIRK2 and weaver GIRK2 chaninduced the fast activation (<1 s) of inward currents nels through heterologous expression in Xenopus oothat declined slowly over the 30 s test period and then cytes. The m2-type muscarinic acetylcholine (ACh) redeactivated upon removal of agonist (Figure 2Ai ). These ceptor (m2R) was coexpressed to provide GIRK2 baclofen-induced currents were present in the majority activation via a G protein-coupled receptor (Kofuji et of the granule cells tested (7 out of 13; 32 Ϯ 12 pA/pF al. , 1995) . In agreement with previous results, wild-type at Ϫ100 mV in the responding cells). In voltage ramp GIRK2 channels displayed large (several A) ACh curexperiments, baclofen-induced currents were isolated rents in K ϩ -containing solution at test potentials beby subtracting current traces recorded in the absence tween Ϫ80 mV and 10 mV, but small currents in Na ϩ of the agonist; baclofen-induced currents displayed solution (<100 nA) ( Figure 4A ). The agonist-induced curprominent inward rectification (Figures 2Aii and 2Aiii) rents rectified steeply in the inward direction as evident and the expected E rev for a K ϩ -selective conductance by the minimal outward currents. By contrast, upon (approximately Ϫ40 mV in these conditions).
weaver GIRK2 expression, voltage steps in the absence GIRK currents in atrial cells can be induced by interof agonist revealed both large inward and outward curnally perfusing the cells with a nonhydrolyzable GTP rents in both Na ϩ -and K ϩ -containing solution ( Figure  analog through the patch pipette (Breitwieser and 4B). These currents were not caused by a nonspecific Szabo, 1988); we found similar currents in cerebellar conductance as replacement of K ϩ by NMDG ϩ resulted granule cells. As illustrated in Figure 2B , granule cells in much smaller currents ( Figure 4B ). dialyzed with GTP-␥-S solution developed persistent Strikingly, the magnitude of weaver GIRK2 currents inward currents over a time course of several hundred was not enhanced by m2R stimulation (see Figure 4C ), seconds. These GTP-␥-S-induced inward currents were implying that the weaver mutation produces constitucompletely blocked by 500 M BaCl 2 and were absent tively active channels. This effect was further investiwhen 100 M GTP was substituted (data not shown).
gated by the overexpression of G proteins G␤1␥2 with Thus, currents in developing wild-type granule neurons the channel; previous results show that G␤1␥2 expresdisplay all the hallmarks of GIRK channels: activation by sion activates GIRK channels directly (Reuveny et al., baclofen and by nonhydrolyzable GTP analogs, inward 1994; Kofuji et al., 1995; Lim et al., 1995) . For wild-type rectification, and blockade by Ba 2ϩ .
GIRK2, this resulted in the expected 4-fold increase of To investigate whether weaver granule cells express the basal currents in K ϩ -containing solution; however, GIRK currents, we purified granule cells by percoll gradifor weaver GIRK2, the magnitude of inward currents was ent sedimentation and preplating techniques (Hatten, not enhanced ( Figure 4D ). These results confirm that G 1985), and recordings were made 12-24 hr after plating.
proteins G␤␥ do not promote the activation of the While cells derived from wild-type littermates displayed weaver GIRK2 channel. the characteristic activation of inward currents upon
To determine the relative permeability of K ϩ over Na ϩ cellular dialysis with GTP-␥-S (12 out of 15), the granule for the wild-type and mutant channel, we measured the cells from weaver mice were consistently unresponsive membrane potential at which there is no net current to this GTP analog (12 out of 12) ( Figure 3A) . Importantly, flow (E rev ) in isosmotic extracellular solutions containing both wild-type and weaver cells displayed large outvarious mole fractions of Na ϩ and K ϩ . Figure 5A shows wardly rectifying currents (59 Ϯ 12 pA/pF and 88 Ϯ 5 pA/ current traces evoked from voltage ramps in oocytes pF at 40 mV for weaver and wild-type cells, respectively), expressing weaver GIRK2 and GIRK2 channels. For similar to the voltage-dependent K ϩ channels described GIRK2 channels, large shifts in E rev change were obpreviously in this cell type (Steward et al., 1995) . At this served when the extracellular solution was changed, developmental stage, voltage-dependent Na ϩ currents indicating a high channel selectivity for K ϩ over Na ϩ were small or absent in both cell types (data not shown).
( Figure 5A ). For weaver GIRK2, the shifts in E rev were Although the wild-type cells displayed input resismuch smaller. The changes in Erev with external K ϩ contances >5 G⍀ (probably limited by the quality of the seal), centration were consistent with PK/PNa Ն 20 for GIRK2 weaver cells showed input resistances on the order of channels and PK/PNa of ‫2ف‬ for weaver GIRK2 channels only 2 G⍀. This difference was quantified by plotting ( Figure 5B ). From these results, we conclude that the the holding current at Ϫ100 mV in Na ϩ solution for selectivity to K ϩ is reduced drastically in weaver GIRK2 weaver cells compared with wild type ( Figure 3B ). This channels. Thus, the weaver mutation produces constitutively active nonspecific cation channels both in granule "leakage" phenotype in weaver cells was apparently neurons and in Xenopus oocytes expressing the mutant As shown in Figures 6A and 6B, coexpression of GIRK1 with weaver GIRK2 induced the expression of Na ϩ conchannel.
Given the compelling evidence that GIRK channels ductance, and this conductance was not enhanced upon m2R activation ( Figure 6A ). On the other hand, in heart and brain are heteromultimers of two distinct subunits (Krapivinsky et al., 1995; Kofuji et al., 1995;  GIRK1 coexpressed with wild-type GIRK2 had a synergistic effect on the amplitude of the expressed currents Lesage et al., 1995; Velimirovic et al., 1996) , we next tested the effects of weaver GIRK2 on GIRK1 activity.
and modified the waveform of voltage-jump relaxations current of an oocyte expressing GIRK1 and weaver GIRK2 was strongly inhibited by 20 M MK-801. The IC50 was estimated to be 3.1 M for weaver GIRK2/ GIRK1 channels and ‫002ف‬ M for the GIRK2/GIRK1 channels. QX-314 gave similar results: the IC 50 was 10.5 M for weaver GIRK2/GIRK1 channels and >200 M for GIRK2/GIRK1 channels ( Figure 6D ). We also tested the effects of the Ca 2ϩ channel blocker verapamil: the IC 50 was estimated to be of 3.5 M for weaver GIRK2/GIRK1 channels and ‫021ف‬ M for GIRK2/GIRK1 channels.
Rescue of weaver Cells by Pharmacological Agents
The channel blockers MK-801 and QX-314 provided tools for testing whether Na ϩ entry through the mutant GIRK2 channel causes the weaver granule cell phenotype. Therefore, granule neurons purified from P5 weaver cerebella were cultured in the presence of 10-50 M MK-801 or 100 M QX-314. After 2 days in culture, these drugs markedly enhanced weaver granule cell viability and neurite outgrowth (Figures 7E and 7G) . To test whether rescued weaver cells expressed markers for late stages of differentiation, the cells were assayed for TAG1 (Dodd et al., 1988) , which is expressed by postmitotic granule cells (Kuhar et al., 1993) but not by weaver granule cells (Gao et al., 1992) . weaver granule cells treated with MK-801 ( Figure 7F ) and QX-314 ( Figure  7H ) were TAG1 positive, whereas the surviving untreated cells were TAG1 negative ( Figure 7D ). The drugs had no obvious effect on survival, neurite outgrowth, and TAG1 expression in wild-type granule cells (data not shown).
QX-314 also blocks voltage-gated Na ϩ channels, albeit from the internal surface of the cell (Hille, 1992) . We therefore tested whether tetrodotoxin (TTX, 0.4-10 M), another Na ϩ blocker, rescued weaver granule cells in culture; there was no rescue. To test whether MK-801 is exerting its rescuing effects by blocking NMDA recep- (data not shown). (Randall and Tsien, 1995) . Only verapamil (20 M) proexperimental condition. Current traces in (A) and (B) were obtained from purified granule cell cultures.
moted neurite outgrowth, cell viability, and TAG1 expression (data not shown). Rescue was not observed with the other L-type Ca 2ϩ channel blockers nifedipine (data not shown), as found previously in studies on hetand diltiazem (1-20 M) nor with the N-type Ca 2ϩ chaneromultimeric channels (Kofuji et al., 1995) . Thus, the nel blocker -conotoxin GVIA (100-200 nM, data not effect of the weaver mutation on GIRK2 channel activity shown). Because our experiments with oocytes clearly persisted in the presence of GIRK1 protein.
showed that verapamil blocks the weaver channel diBecause the weaver mutation caused a large derectly, it seems most likely that the verapamil rescue crease in channel selectivity, we also examined whether proceeded via blockade of the Na ϩ flux rather than via charged channel blockers, such as MK-801 and QXCa 2ϩ channel blockade. 314, could occlude preferentially the mutated channel. Although the details of block by these drugs differ Discussion among different channel types, they generally inhibit by physically occluding the channel pore (Hille, 1992) . Inwardly rectifying K ϩ channels are not known to be The present study provides functional evidence that the reported mutation in the gene encoding a G proteintargets for these drugs, but surprisingly, weaver GIRK2 channels were readily blocked at moderate concentragated inwardly rectifying K ϩ channel, GIRK2 (Patil et al., 1995) , results in a failure of cerebellar granule cell tions (1-100 M). As illustrated in Figure 6C , the inward differentiation in weaver mice. Analysis of cultured granaccount for the fact that a recent study (Mjaatvedt et al., 1995) failed to detect similar currents in wild-type ule neurons and of mutant GIRK2 channels expressed in Xenopus oocytes shows that the mutation in GIRK2 granule neurons. In purified weaver granule cells, GIRK currents were causes a constitutively active channel with enhanced Na ϩ conductance, leading to excessive Na ϩ influx. This undetectable. However, weaver granule cells displayed a higher Na ϩ permeability than wild-type cells, and this Na ϩ influx appears to be the underlying cause of the weaver granule cell phenotype, since open channel increased Na ϩ permeability was blocked by QX-314. Although it remains formally possible that these properblockers that reduce the Na ϩ conductance can rescue these cells in vitro.
ties arise independently and/or indirectly from the GIRK2 mutation, the simplest hypothesis is suggested by the oocyte expression studies: the mutant GIRK2 GIRK Currents in Granule Cells channel has become constitutively active and nonspeOur study also reports the presence of GIRK currents cific for monovalent cations. in cerebellar granule cells, although several previous
We point out that with intracellular perfusion of GTPstudies have reported that voltage-dependent Ca 2ϩ ␥-S, the amount of current evoked in wild-type cells was channels are modulated by G protein-coupled GABA B close to 80 pA/pF; this level exceeds the leak observed and glutamate receptors in granule neurons (Zerr et al., in weaver cells ‫02ف(‬ pA/pF). Several factors could ac-1993; Chavis et al., 1994) . These GIRK currents were count for the lower GIRK current level in the weaver rapidly activated on stimulation of GABAB receptors, granule cells. Fewer weaver GIRK2 channels may be were also evoked by intracellular dialysis with GTP-␥-S but not by GTP, and were sensitive to Ba 2ϩ . We cannot assembled on the cell membrane, the single-channel
Properties of weaver Mutation Revealed by Oocyte Expression
In K ϩ channels of both voltage-gated and inwardly rectifying families, the pore is thought to be formed in part by the P region; perhaps this domain adopts a ␤-hairpin structure (Nichols, 1993) . A GYG motif is highly conserved. The first glycine that is mutated in weaver is absolutely conserved among K ϩ channels in these two families. Heginbotham et al. (1994) constructed and tested the Gly→Ser mutation at the equivalent position in Shaker channels; the resulting channel was nearly nonselective among monovalent cations. We now find that this mutation renders GIRK2 nonspecifically selective for monovalent cations as well, consistent with recent findings .
The granule cell rescue experiments were conceived from our observation that the weaver GIRK2 channel acquires increased sensitivity to the two classical cation channel blockers, QX-314 and MK-801. We interpret this block of weaver GIRK2 as further evidence that the mutant channel has a markedly changed permeation pathway. Interestingly, the weaver GIRK2 channel also displays reduced inward rectification. Inward rectification is normally caused by binding of intracellular Mg 2ϩ and/or polyamines (Lopatin et al., 1994; Fakler et al., 1995) . The reduced rectification may arise because these blockers bind more weakly at the channel pore or, more intriguingly, because they permeate without blocking. We may expect new insights about ion channel function from further study of weaver GIRK2 and other GIRK channels.
A second and unexpected effect of the weaver mutation was the disrupted coupling of G protein ␤␥ subunits When weaver GIRK2 and GIRK1 are coexpressed in oocytes, only properties of the weaver GIRK2 channel are observed, suggesting that the mutation acts in a conductance could be lower, channel open time or dominant negative manner. This could be due to the opening rate may be reduced, and/or the channels could weaver mutation favoring expression of homomultimeric be more subject to inactivating posttranslational modifiweaver GIRK2 channels in oocytes; if so, then the relacations than normal channels.
tively low levels of GIRK1/GIRK5 (Hedin et al., 1996) The fact that we have not detected GIRK activation heteromultimers might not be sufficient to counteract in weaver granule cells despite the presence of GIRK1 weaver GIRK2 activity. Alternatively, weaver GIRK2 and GIRK3 transcripts at this developmental stage polypeptide might coassemble with GIRK1 but the hetshows that these other subunits could not compensate eromultimeric channels would retain the constitutively for the weaver GIRK2 expression. Yet, in previous studactive phenotype of the weaver GIRK2 homomultimeric ies on oocytes, GIRK1 and GIRK3 were able to form channels. These observations are consistent with the functional heteromultimeric channels (Kofuji et al., semidominant nature of the weaver mutation. 1995). Such a discrepancy indicates that the cellular context influences the protein assembly of GIRK channels. Indeed, recent heterologous expression of GIRK1 GIRK2 Expression and the weaver Developmental Phenotype shows that this polypeptide is nonfunctional in mammalian cells despite functional expression in Xenopus oo-
The expression of GIRK2 in wild-type and weaver P6 cerebellar granule cells supports the general conclusion cytes (Krapivinsky et al., 1995) . In native neurons, GIRK2 may be a necessary subunit in all functional GIRK that GIRK2 is the weaver gene that was shown to act in cerebellar granule cells (Goldowitz and Mullen, 1982; channels. Hatten et al., 1986; Goldowitz, 1989) . However, the expression pattern of GIRK2 does not yet explain all aspects of the weaver phenotype. The weaver mutation blocks granule cell differentiation and does not affect granule cell proliferation (Rezai and Yoon, 1972 ); yet we observed GIRK2 transcripts in the proliferating rhombic lip at 14.5 dpc and in both the outer proliferating and inner differentiating zones of the EGL from 17.5 dpc to P6. In addition, the weaver phenotype is more severe in midline cerebellar granule cells (Herrup and Trenkner, 1987) ; however, we observed no regional differences in GIRK expression.
GIRK2 is widely expressed during development and in the adult throughout many regions of the CNS. In particular, GIRK2 is expressed in the hippocampus, and recently, developmental abnormalities have been described in the CA3 region of weaver mice (Sekiguchi et al., 1995) . Dopaminergic neurons of the substantia nigra also express GIRK2 (Kobayashi et al., 1995) and degenerate in weaver mice (Gupta et al., 1987; Triarhou et al., 1988; Graybiel et al., 1990; Roffler-Tarlov et al., 1996) . It will be of interest to reexamine other areas, such as olfactory bulb granule cells, where GIRK2 is expressed but where no structural or functional abnormalities have yet been reported.
Na
؉ Influx and the weaver Phenotype Treatment of weaver granule cells with the cation channel blockers QX-314 and MK-801 resulted in the survival and differentiation of the weaver granule cells, as assessed by their ability to extend neurites and to express the axonal glycoprotein TAG1. We contend that these drugs rescue weaver granule cells because they directly block the weaver GIRK2 channel. Two classes of electrophysiological experiments support this conclusion. First, QX-314 suppressed the Na ϩ leak with no detectable delay after addition to weaver granule cells. Second, QX-314 and MK-801 blocked the Na ϩ conductance of Xenopus oocytes injected with weaver GIRK2, and the blocking concentration was in the same range that rescued cultured granule neurons and blocked their Na ϩ leak. In the absence of such blockade, the Na ϩ leak presumably imposes a heavy metabolic burden on the Figure 6 . Selectivity, Gating, and Blockade by MK-801 and QX-314 of weaver GIRK2/GIRK1 and GIRK2/GIRK1 Channels (A) Bar graph showing the average current at Ϫ50 mV in oocytes injected with cRNAs for m2R and GIRK1 plus either GIRK2 or weaver GIRK2. A group of cells was also injected with H 2O. The currents were recorded in 98 Na, 49 K, or 49 K plus ACh. (B) K ϩ dependence of reversal potential (Erev) values for weaver GIRK2/GIRK1 and GIRK2/GIRK1 currents. Oocytes were coinjected with G proteins ␤1 and ␥2. Na ϩ was substituted for K ϩ . (C) MK-801 blockade of GIRK2/GIRK1 and weaver GIRK2/GIRK1. Oocytes were coinjected with GIRK cRNAs and with cRNAs for G proteins ␤1 and ␥2. (Left) Blockade of weaver GIRK2/GIRK1 currents by MK-801. Cell was held at Ϫ80 mV in 25 K external solution. MK-801 at 20 M was applied at the indicated time. (Right) Cumulative dose-response relations for MK-801 blockade of GIRK1/GIRK2 currents or weaver GIRK2/GIRK1 currents. The data were obtained from groups of four and six oocytes at Ϫ100 mV, respectively. (D) Dose-response relations for QX-314 blockade of GIRK2/GIRK1 currents or weaver GIRK2/GIRK1 currents. Data were obtained from groups of six to ten oocytes for each condition. Membrane potential was held at Ϫ100 mV in 25 K external solution. Wild-type and weaver EGL cells were purified from P5 cerebellum and cultured for 2 days before immunohistochemistry for TAG1 expression. Wild-type granule cells (A, arrow) extend long neurites and are positive for TAG1 (B, arrow) . In control weaver cultures (C), most of the cells lack normal granule cell morphology (arrowhead) and cells with granule cell morphology (arrow) are TAG1 negative (D). Culture of weaver EGL cells in the presence of 20 M MK-801 (E) or 100 M QX-314 (G) restores neurite outgrowth and TAG1 expression (F and H). Scale bar represents 50 M.
weaver granule cell and thereby prevents it from executsuch blockade in oocytes and because other Ca 2ϩ channel antagonists such as nifedipine, diltiazem and -coning many functions vital to differentiation and migration. We also surmise that the weaver mutation is particuotoxin GVIA displayed no rescuing effect. In short, three very different drugs rescue weaver granule cells at conlarly harmful to the granule cells because their small size implies a high surface-to-volume ratio, which in centrations that also block the weaver GIRK2 channel; in each case, there is no rescue by other drugs that turn implies that a given membrane density of weaver GIRK2 channels produces marked changes in intracellublock the usual pharmacological target. Although previous studies suggested GIRK2 as a canlar [Na ϩ ]. There are few existing pharmacological studies on didate gene for weaver (Patil et al., 1995; Millonig et al., 1996) , our pharmacological rescue experiments provide blockers of inward rectifer K ϩ channels (Hille, 1992) . Therefore, the most appropriate reagents were those a direct demonstration that the mutation in weaver GIRK2 causes the weaver granule cell phenotype. known to block other cation channels, although intracellular QX-314 did block GIRK channels in previous studies (Andrade, 1991) . The best known targets for QX-314 are voltage-gated Na ϩ channels and nicotinic ACh The Role of weaver in Granule Cell Differentiation receptors and for MK-801 are NMDA receptors. None of these channels have been described in neonatal weaver
The function of GIRK2 does not appear to be required for granule cell differentiation. GIRK currents were not granule neurons, supporting our contention that the rescue involves weaver GIRK2 channels instead. Furtherrestored in weaver cells rescued by the open channel blockers. Rather, it is the malfunction of the channel more, both drugs rescue weaver at concentrations near those that also block the weaver GIRK2 in oocytes, and that damages EGL precursor cells. The fact that weaver acts to damage precursor cells rather than to directly other drugs that block either voltage-gated Na ϩ channels or NMDA receptors (TTX and APV, respectively) fail to regulate a step in differentiation is unexpected from the cellular and anatomical studies on the weaver mouse. rescue weaver granule cells. The Ca 2ϩ channel blocker verapamil also rescued weaver granule cells; we sugweaver has long been considered one of the most interesting of the neurological mutant mice because the acgest that this rescue also proceeds via blockade of the weaver GIRK2 channel, because we directly measured tion of the gene was limited to granule cell precursors tive GIRK2 currents affect only a subset of neurons in the brain.
Oocyte Electrophysiology
Previous studies showed rescue of weaver granule
To obtain high levels of expression in Xenopus oocytes, mouse cell neurite extension and migration in the presence of GIRK2 (Kofuji et al., 1995) , weaver GIRK2, and rat GIRK1 (Dascal et wild-type cells (Gao et al., 1992) , suggesting that EGL al., 1993) cDNAs were subcloned into the pMXT, a plasmid in which the cloning sites were flanked by the untranslated regions of Xenocells responded to a local signal by entering the differenpus ␤-globin. The plasmids were linearized by restriction digestion tiation pathway that includes expression of markers with SalI. Muscarinic m2-type receptor (m2R) cDNA was a gift from such as TAG1 and astrotactin (Gao et al., 1992 (Gao and Hatten, 1993 signal, or ligand for differentiation. Our current results
Isolation of oocytes and subsequent RNA injection was performed can be reconciled with these earlier findings by the posas previously described (Quick and Lester, 1994 , 1995) and in the oocyte expression system and analysis were performed using the pCLAMP 5.5 or 6.0 program (Chen and Yu, 1994) . The present studies show that (Axon) . Blockade of macroscopic currents by drugs were fitted with weaver is a GIRK2 channel whose malfunction is detri- Recordings were initially made in Na ϩ -containing solution (98 Na Experimental Procedures solution) that consisted of 98 mM NaCl, 1 mM MgCl2, 5 mM HEPESNaOH (pH 7.3) and then in several K ϩ -containing solutions in which Mice NaCl was replaced by KCl. In some experiments, NMDG at 98 mM Mice from which the cerebellar tissue was obtained were wild-type was the only monovalent cation. Acetylcholine chloride (Research C57BL/6J and homozygous weaver B6CBACa-A w-J /A-wv. The Biochemicals International), (ϩ)-MK-801 hydrogen maleate (Reweaver animals were the offspring of heterozygous breeding pairs search Biochemicals International), and QX-314 (Research Biooriginally purchased from The Jackson Laboratory. chemicals International) were applied using a U-tube perfusion system as previously described (Bormann, 1992) . Current traces were RNA In Situ Hybridization not corrected for desensitization that amounted to <20% from the Radioactive RNA in situ analysis using 33 P-labeled probes on cryoinitial peak values. Solution exchange in the vicinity of the oocyte, sections was conducted as described by Millen and Hui (1996) , and as assessed by the speed of BaCl 2 blockade of GIRK2 currents, nonradioactive RNA in situ analysis was performed as described occurred in less than 2 s. All oocytes experiments were performed by Schaeren-Wiemers and Gerfin-Moser (1993) . An En-2-specific in at room temperature (20ЊC-24ЊC). situ probe (Millen et al., 1995) was used as a positive control, and sense control probes were also used in all experiments.
Unique probes from GIRK1, GIRK2, GIRK3, and GIRK4 were gen-
Granule Cell Electrophysiology
In some experiments, recordings were made from granule neurons erated by PCR amplification of mouse genomic DNA. The following sequences were amplified: GIRK1, 1258-1642 bp (GenBank accesfrom P4 to P6 mice cerebella isolated according to Hatten and Francois (1981) . Cells were plated in 12 mm glass cover slips coated sion number D450223); GIRK2, 1739-1968 bp (U11859); GIRK3, 1463-2229 bp (U11860); GIRK4, 1245-1440 bp of the corresponding with Matrigel (Collaborative Research). Granule cells were recognized by their distinct morphology and small size. For recordings rat sequence (L35771). The following primers were used: GIRK1F, 5Ј-GCTGCAGAAAATTACGGG-3Ј; GIRK1R, 5Ј-TCTCAGATTTCATA of weaver cells, we made use of granule cells purified by percoll gradient sedimentation and preplating techniques (Hatten, 1985) GGGAGG-3Ј; GIRK2F, 5Ј-AAGAACCCGGAAGAACTGAC-3Ј; GIR-K2R, 5Ј-ATAAACCATCTTAGCCCGC-3Ј; GIRK3F, 5Ј-CAGAGAGTGA plated onto 16-well Labtek tissue culture dishes coated with poly-D-lysine (0.5 mg/ml; Sigma) and Matrigel (26 mg/well) in granule cell GTCCAAGG-3Ј; GIRK3R, 5Ј-TCCATGGCCTTTCCTCTG-3Ј; GIRK4F, 5Ј-TGAGACCAACACACCCAG-3Ј; GIRK4R, 5Ј-CACATTGAGCCCCT medium (BME, 5% fetal bovine serum, 10% horse serum, 90 mg/ ml glucose, 2 mM glutamine, penicillin/streptomycin) at a density TGTTGC-3Ј. The following conditions were used for PCR amplification: 100 ng of mouse genomic DNA and each primer and 5 l of of 100,000 cells per well. The cells were kept at 35ЊC, 5% CO 2 , 95% humidity. Conventional whole-cell patch-clamp recording (Hamill et cresol red loading dye in a total volume of 20 l; the samples were heated at 94ЊC for 3 min; 2.5 l of 10ϫ buffer (100 mM Tris-HCl [pH al., 1981) was performed using borosilicate glass capillaries (Sutter) pulled to a final tip resistance that ranged from 3 to 6 M⍀. Extracellu-8.3], 15 mM MgCl 2, 750 mM KCl), 2.0 l of 2.5 mM dNTP, and 0.25 U of Taq polymerase were added and mixed. The samples were lar solution consisted of the following: 147.5 mM NaCl, 2.5 mM KCl,
